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Clinical PerspectiveWhat Is New?Remote ischemic preconditioning causes an acute improvement in coronary microcirculatory function, which is an important determinant of prognosis during elective and primary percutaneous coronary intervention.What Are the Clinical Implications?An improvement in microcirculatory function may help explain the benefit of remote ischemic preconditioning at the time of coronary stenting and raises the possibility that this treatment may be used to augment the microcirculation in other clinical settings.

 {#jah33543-sec-0009}

In remote ischemic preconditioning (RIPC), brief nonharmful ischemia to a remote organ can protect the heart against ischemia reperfusion injury.[1](#jah33543-bib-0001){ref-type="ref"}, [2](#jah33543-bib-0002){ref-type="ref"} RIPC has been used before elective and primary percutaneous coronary intervention (PCI), resulting in reduced post‐PCI troponin levels and reduced myocardial infarct size.[3](#jah33543-bib-0003){ref-type="ref"}, [4](#jah33543-bib-0004){ref-type="ref"}, [5](#jah33543-bib-0005){ref-type="ref"}, [6](#jah33543-bib-0006){ref-type="ref"} In addition, patients who receive RIPC before elective and primary PCI have been found to have reduced clinical events during long‐term follow‐up.[7](#jah33543-bib-0007){ref-type="ref"}, [8](#jah33543-bib-0008){ref-type="ref"} However, large multicenter randomized trials in the setting of cardiac surgery have demonstrated no benefit of RIPC.[9](#jah33543-bib-0009){ref-type="ref"}, [10](#jah33543-bib-0010){ref-type="ref"} These discrepant results demonstrate a context‐specific benefit of RIPC.[11](#jah33543-bib-0011){ref-type="ref"}

The human coronary microcirculation is recognized as an important determinant of patient prognosis. The coronary flow reserve (CFR) and the index of microcirculatory resistance (IMR), a pressure--temperature sensor wire--derived index,[12](#jah33543-bib-0012){ref-type="ref"} have been shown to predict outcome in patients with epicardial coronary artery disease (CAD), including those undergoing primary and elective PCI.[13](#jah33543-bib-0013){ref-type="ref"}, [14](#jah33543-bib-0014){ref-type="ref"}, [15](#jah33543-bib-0015){ref-type="ref"}, [16](#jah33543-bib-0016){ref-type="ref"}, [17](#jah33543-bib-0017){ref-type="ref"}, [18](#jah33543-bib-0018){ref-type="ref"} The combination of high IMR and low CFR confers a substantially increased risk of major cardiovascular events independent of the severity of epicardial coronary stenosis.[13](#jah33543-bib-0013){ref-type="ref"}, [16](#jah33543-bib-0016){ref-type="ref"}, [17](#jah33543-bib-0017){ref-type="ref"}, [18](#jah33543-bib-0018){ref-type="ref"}, [19](#jah33543-bib-0019){ref-type="ref"} In addition, the coronary microcirculation has been proposed as a target of RIPC‐mediated cardiac protection.[20](#jah33543-bib-0020){ref-type="ref"}

Clarifying the mechanism by which RIPC may exert a protective effect on the heart in the setting of PCI could help guide future studies and clinical protocols by identifying patient populations most likely to benefit. Studies demonstrating that RIPC protects against ischemia reperfusion injury--associated forearm vascular endothelial dysfunction[21](#jah33543-bib-0021){ref-type="ref"} and increases CFR, as assessed by indirect echocardiographic evaluation of the left anterior descending artery,[22](#jah33543-bib-0022){ref-type="ref"} suggest an effect of RIPC on microcirculatory function. Given the significant impact that the microcirculation has on the prognosis of patients undergoing PCI[17](#jah33543-bib-0017){ref-type="ref"}, [18](#jah33543-bib-0018){ref-type="ref"} and the demonstrated benefits of RIPC in this population, we hypothesized that RIPC may improve coronary microvascular function. To explore the mechanism behind RIPC‐mediated protection in the setting of PCI, we undertook a randomized, blinded, placebo‐controlled proof‐of‐concept study to investigate the effect of RIPC on invasively measured coronary physiological parameters, IMR and CFR, in patients with CAD.

Methods {#jah33543-sec-0010}
=======

The data that support the findings of this study are available from the corresponding author on reasonable request.

Patient Enrollment {#jah33543-sec-0011}
------------------

Clinically stable patients referred for nonurgent coronary angiography, with symptoms or noninvasive investigations suggestive of significant CAD, at a single tertiary referral center were invited to participate in the study before their planned procedure. Coronary angiography was performed, and patients were included if they required a clinically indicated fractional flow reserve (FFR) assessment of an angiographically equivocal lesion in a major epicardial coronary artery, as determined by the interventional cardiologist performing the procedure. We included only patients who required FFR measurement to justify the increased risk associated with coronary artery wiring. Consecutive patients who met these inclusion criteria were included in the study.

Exclusion criteria included the need for emergent coronary angiography, contraindication to inflation of a sphygmomanometer on the left arm (eg, arteriovenous fistula for renal dialysis, peripheral vascular disease involving the limb), and existing neuropathy or myopathy that may predispose to nerve or muscle damage from upper limb ischemia. In addition, patients with prior myocardial infarction in the target artery territory or coronary anatomy that would affect accurate coronary physiology assessment, such as left or right coronary ostial disease leading to guide pressure "damping," were also excluded, as were patients in atrial fibrillation, because irregularity of the cardiac cycle could affect thermodilution measurements. Patients with severe asthma were not invited to participate because adenosine can exacerbate airway disease.

Once participants met the inclusion criteria, they were randomized to either RIPC or sham treatment by way of a closed‐envelope system during their procedure. Data regarding patient demographics, comorbidities, medications, and preprocedure investigations were collected.

Coronary Physiology Measurements {#jah33543-sec-0012}
--------------------------------

After informed consent, a 6F radial or femoral arterial sheath was inserted, and coronary angiography was performed by standard techniques under conscious sedation with at least 1 mg midazolam and 25 μg fentanyl administered intravenously. Quantitative coronary angiography (Artis; Siemens) was performed off‐line in 2 orthogonal views. Unfractionated heparin was administered at a dose of 70 U/kg. Coronary physiology measurements were performed immediately before and immediately after the RIPC/sham treatment protocol, as described previously.[17](#jah33543-bib-0017){ref-type="ref"}, [18](#jah33543-bib-0018){ref-type="ref"}, [23](#jah33543-bib-0023){ref-type="ref"} In brief, a 6F guiding catheter without side holes was used to engage either the left main coronary artery or the right coronary artery. A pressure--temperature sensor guidewire (Certus; St Jude Medical) was advanced to the tip of the guiding catheter for pressure equalization before being advanced to the distal segment of the target artery, ensuring that the sensor position was at least 30 mm distal to the lesion in question. The wire position was fluoroscopically stored and maintained throughout the study protocol. Intracoronary glyceryl trinitrate was administered at a dose of 100 μg before each coronary physiology study. Thermodilution curves were produced in triplicate to determine the mean transit time at rest (shown as T~mnR~) by briskly injecting 3 mL of room temperature saline down the coronary artery. In addition, the mean proximal pressure and mean distal pressure were recorded at rest.

Hyperemia was induced with an intravenous infusion of adenosine (140 μg/kg per minute) via a 4F femoral venous sheath. In a similar manner, thermodilution curves were produced to determine the mean transit time during hyperemia (shown as T~mnH~). Mean proximal pressure (shown as P~a~) and mean distal pressure (shown as P~d~) during hyperemia were also recorded. As described previously, the FFR was calculated by P~d~/P~a~ during hyperemia and the CFR was calculated by T~mnR~/T~mnH~.[23](#jah33543-bib-0023){ref-type="ref"} The IMR was calculated by 2 methods. In patients where there was no hemodynamically significant epicardial stenosis, as determined by an FFR \>0.80, the IMR was calculated during hyperemia by the formula P~d~×T~mnH~.[12](#jah33543-bib-0012){ref-type="ref"} The IMR overestimates microcirculatory resistance in the presence of significant epicardial stenoses due to the presence of collateral flow. To avoid measuring the coronary wedge pressure to account for collateral flow, which requires coronary balloon inflation, the IMR was also calculated in all patients using the formula derived by Yong et al (calculated IMR \[IMR~calc~\]): P~a~×T~mnH~×(1.34×P~d~/P~a~−0.32).[24](#jah33543-bib-0024){ref-type="ref"} All measurements were recorded using the RadiAnalyzer console (St Jude Medical).

Patients then received either RIPC or sham treatment while on the catheterization laboratory table. Physiology measurements were repeated in an identical manner immediately after RIPC/sham after ensuring that the pressure--temperature sensor was in a position identical to that when pretreatment measurements were performed. The procedure then proceeded as clinically indicated. All study measurements were taken before coronary balloon inflation to avoid the effect of local ischemic preconditioning and distal embolization confounding the results.

Remote Ischemic Preconditioning {#jah33543-sec-0013}
-------------------------------

In the RIPC group, a sphygmomanometer was inflated to either 200 mm Hg or 50 mm Hg greater than systolic blood pressure (whichever was greater) for 5 minutes on the left arm, followed by deflation for 5 minutes, and this cycle was repeated 3 times using an automated sphygmomanometer (HeartGuard; Condicion).[4](#jah33543-bib-0004){ref-type="ref"}, [25](#jah33543-bib-0025){ref-type="ref"} Sham treatment involved sphygmomanometer inflation to a pressure of 10 mm Hg but was otherwise identical to the RIPC protocol. To confirm ischemia, the radial pulse was examined in each patient, ensuring that it was impalpable during RIPC and unaffected during sham treatment. Figure [1](#jah33543-fig-0001){ref-type="fig"} outlines patient flow and randomization.

![Patient recruitment and randomization. Patients were randomized to RIPC or sham treatment after coronary angiogram, and the need for FFR measurement was established. A coronary physiology study was performed before and after the allocated treatment. FFR indicates fractional flow reserve; RIPC, remote ischemic preconditioning.](JAH3-7-e009058-g001){#jah33543-fig-0001}

Patients were not informed of their treatment allocation but were warned of possible discomfort from sphygmomanometer inflation. Patients were asked not to express discomfort unless it was intolerable, with all patients complying with this request. The operator performing physiological measurements was also blinded to the treatment allocation, with RIPC or sham treatment delivered by an assistant who did not communicate with the operator. To maintain blinding, the sphygmomanometer was obscured from view, and music was played throughout the laboratory to mask the sound of sphygmomanometer inflation.

To ensure that the RIPC protocol was effectively inducing ischemia to the treated upper limb, in a cohort of patients who did not undergo coronary physiology measurements, venous blood was drawn into tubes containing lithium heparin from the cubital fossa of the treated upper limb before and immediately after the RIPC and sham protocols for measurement of blood lactate.

Plasma Collection and Analysis {#jah33543-sec-0014}
------------------------------

Nitric oxide is known to be a regulator of coronary microcirculatory function, with nitrite being its major metabolite.[26](#jah33543-bib-0026){ref-type="ref"} To determine the effect of RIPC on circulating nitrite levels, blood was collected from the femoral venous sheath after each coronary physiology study, before and after the allocated treatment, into tubes containing 7.2 mg (1.8 mg/mL) K~2~EDTA. The blood was centrifuged at 2500*g* for 15 minutes, and the plasma was stored immediately at −80°C. Because circulating nitrite levels have been shown to be elevated and important for cardiac protection induced by RIPC,[27](#jah33543-bib-0027){ref-type="ref"} plasma that had not previously been thawed was analyzed for nitrite concentration with a commercially available ELISA kit (R&D Systems), as per the manufacturer\'s instructions.

Statistical Analysis {#jah33543-sec-0015}
--------------------

The D\'Agostino and Pearson normality test was used to determine whether data were normally distributed. Categorical variables are presented as frequency and percentage. Continuous variables are expressed as mean±SD for normally distributed data and as median (interquartile range \[IQR\]) for nonnormally distributed data. Categorical data were compared using the χ^2^ or Fisher exact test, as appropriate. Comparisons between continuous variables were performed using the paired or unpaired *t* test, as appropriate, for normally distributed data and the Wilcoxon signed rank test or Mann--Whitney *U* test, as appropriate, for nonnormally distributed data. Correlations between continuous variables were assessed with the Pearson correlation.

Sample size calculation was performed based on the primary analysis, which was amount of change in the IMR with RIPC. Based on preliminary data, an absolute decrease in IMR~calc~ with RIPC was expected to be 5.5±7.0. With a power of 80% and a 2‐sided α value of 0.05, it was estimated that 15 patients would need to be studied for a paired difference analysis to detect a change in IMR~calc~ with RIPC.

We aimed to perform a secondary analysis to determine change in IMR~calc~ with sham treatment to ensure that there was no artifactual change in coronary physiology indexes as a result of a prolonged catheterization procedure; therefore, we recruited 30 patients who were randomized to RIPC or sham (15 RIPC and 15 sham). Other secondary analyses included changes in IMR, CFR, mean transit time at rest, mean transit time during hyperemia, and FFR with RIPC.

In addition, the relative change in IMR~calc~, IMR, and CFR was calculated as \[(post−pre)/pre\]×100%, where *pre* represents that value measured before RIPC/sham and *post* represents the value measured after RIPC/sham. The relative change in the markers of coronary microcirculatory function in the RIPC cohort was compared with the relative change in the sham cohort.

All analyses were performed using SPSS v22 (IBM Corp) or GraphPad Prism (GraphPad Software). A 2‐tailed probability value \<0.05 was considered statistically significant.

Ethical Considerations {#jah33543-sec-0016}
----------------------

The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki. Ethics approval was granted by the Sydney Local Health District Human Research Ethics Committee of Sydney, Australia (CH62/6/2014‐016). The study was registered with the Australia and New Zealand Clinical Trials Registry (ACTRN12616000486426). Each participant gave written informed consent for participation and for use of their health information. All patient data were deidentified and analyzed anonymously.

Results {#jah33543-sec-0017}
=======

A total of 65 patients underwent coronary angiography and were screened for participation in the study. As Figure [1](#jah33543-fig-0001){ref-type="fig"} shows, 34 patients were excluded after coronary angiography because there was no clinical indication for FFR measurement. One additional patient was excluded because coronary wiring was associated with significant coronary spasm. Thirty patients underwent randomization and the full study protocol. An example of the coronary physiology data obtained from 1 patient are presented in Figure [2](#jah33543-fig-0002){ref-type="fig"}. This patient was randomized to receive RIPC on the catheterization laboratory table during the procedure. Figure [2](#jah33543-fig-0002){ref-type="fig"}A displays the coronary physiology indexes before RIPC, and Figure [2](#jah33543-fig-0002){ref-type="fig"}B displays the same indexes after RIPC. In this case, RIPC was associated with a decrease in IMR and an increase in CFR.

![Coronary physiology measurements obtained from 1 patient who was randomized to RIPC. Data were obtained before (A) and after (B) RIPC. There was a reduction in IMR and T~mnH~ with RIPC, whereas the CFR increased. IMR=P~d~×T~mnH~. CFR indicates coronary flow reserve; FFR, fractional flow reserve; IMR, index of microcirculatory resistance; P~a~, mean proximal pressure; P~d~, mean distal pressure; RIPC, remote ischemic preconditioning; T~mnH~, mean transit time during hyperemia.](JAH3-7-e009058-g002){#jah33543-fig-0002}

Of the 30 patients who underwent randomization to either RIPC or sham treatment, the mean age was 63.1±10.0 years, and 26 (87%) were male. Coronary physiology measurements were performed in all patients before and after the allocated treatment. Fifteen patients were randomized to RIPC, and 15 patients were randomized to sham treatment. The allocated treatment was tolerated by all patients, and there were no complications of treatment. The baseline characteristics, lesion characteristics, and medications of the RIPC and sham groups did not differ significantly (Table [1](#jah33543-tbl-0001){ref-type="table"}).

###### 

Baseline Characteristics of Patients

  Characteristic                                                         RIPC (n=15)   Sham (n=15)   *P* Value
  ---------------------------------------------------------------------- ------------- ------------- -----------
  Age, y                                                                 64.5±8.8      61.7±11.2     0.465
  Male                                                                   13 (87)       13 (87)       1.000
  Prior myocardial infarction                                            1 (7)         4 (27)        0.142
  Prior PCI                                                              2 (13)        6 (40)        0.099
  Prior CABG                                                             0 (0)         0 (0)         ···
  Heart failure                                                          0 (0)         1 (7)         0.309
  Prior stroke                                                           1 (7)         2 (13)        0.543
  Peripheral vascular disease                                            0 (0)         2 (13)        0.143
  Hypertension                                                           11 (73)       10 (67)       0.690
  Diabetes mellitus                                                      7 (47)        3 (20)        0.121
  Dyslipidemia                                                           13 (87)       9 (60)        0.099
  Current smoking                                                        1 (7)         3 (20)        0.283
  Normal left ventricular contractility                                  14 (93)       14 (93)       1.000
  Left ventricular hypertrophy                                           2 (13)        1 (7)         0.543
  Medications                                                                                        
  Aspirin (100 mg daily)                                                 14 (93)       15 (100)      0.309
  P2Y~12~ antagonist                                                     12 (80)       10 (67)       0.409
  Clopidogrel                                                            9 (60)        9 (60)        
  Ticagrelor                                                             3 (20)        1 (7)         
  Warfarin/NOAC                                                          0 (0)         0 (0)         ···
  Statin                                                                 14 (93)       14 (93)       1.000
  β‐Blocker                                                              5 (33)        8 (53)        0.269
  ACEI or ARB                                                            11 (73)       7 (47)        0.136
  Nitrate                                                                1 (7)         1 (7)         1.000
  Coronary assessment                                                                                
  LAD assessed                                                           12 (80)       10 (67)       0.409
  Lesion diameter stenosis, %[a](#jah33543-note-0003){ref-type="fn"}     38.7±10.0     39.5±6.4      0.779
  Vessel reference diameter, mm[a](#jah33543-note-0003){ref-type="fn"}   2.9±0.5       2.6±0.5       0.051
  Lesion length, mm[a](#jah33543-note-0003){ref-type="fn"}               9.4±4.3       10.1±4.2      0.651
  Parameters during admission                                                                        
  Systolic blood pressure, mm Hg                                         128.5±12.8    136.1±12.3    0.108
  Heart rate, beats/min                                                  68.4±11.0     67.9±10.5     0.893
  Hemoglobin concentration, g/L                                          138.1±19.9    130.9±15.2    0.276
  eGFR, mL/min/1.73 m^2^                                                 83.1±11.1     84.9±13.4     0.682

Data are shown as mean±SD or n (%). ACEI indicates angiotensin‐converting enzyme inhibitor; ARB, angiotensin receptor blocker; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LAD, left anterior descending artery; NOAC, novel oral anticoagulant; PCI, percutaneous coronary intervention; RIPC, remote ischemic preconditioning.

Average value from quantitative coronary angiographic assessment of 2 views of each lesion per patient.

Effect of RIPC on Blood Lactate Measurements {#jah33543-sec-0018}
--------------------------------------------

Sixteen patients, who were not part of the main study cohort, underwent blood lactate measurements before and after RIPC/sham. There was a significant rise in blood lactate in response to the RIPC protocol (before versus after RIPC: 1.36±0.61 versus 1.69±0.56 mmol/L, respectively; *P*=0.004, n=10), whereas there was no effect after sham treatment (before versus after sham: median: 1.4 \[IQR: 1.1--1.6\] versus 1.5 \[IQR: 1.2--1.7\]; *P*=0.500, n=6).

Effect of RIPC on Coronary Physiology Measurements {#jah33543-sec-0019}
--------------------------------------------------

Twenty‐two (73%) of the lesions assessed were in the left anterior descending artery, 12 in the RIPC cohort and 10 in the sham cohort (*P*=0.409). The mean pretreatment (RIPC/sham) FFRs in the RIPC and sham cohorts were not significantly different (0.83±0.06 versus 0.82±0.08; *P*=0.762). There were 3 (20%) and 6 (40%) pretreatment FFR measurements ≤0.80 in the RIPC and sham groups, respectively (*P*=0.232).

### Primary analysis {#jah33543-sec-0020}

The coronary physiology indexes recorded before and after RIPC and before and after sham treatment are displayed in Table [2](#jah33543-tbl-0002){ref-type="table"}. Within the RIPC cohort, there was a significant reduction in IMR~calc~ when the pre‐ and post‐RIPC measurements were compared (Figure [3](#jah33543-fig-0003){ref-type="fig"}A).

###### 

The Effect of RIPC on Coronary Physiology Indexes

  Marker                                       RIPC (n=15)         Sham (n=15)                                                                     
  -------------------------------------------- ------------------- ------------------- ----- ------- ------------------- ------------------- ----- -------
  IMR~calc~                                    22.6 (17.9--25.6)   17.5 (14.5--21.3)   5.1   0.007   16.0 (10.8--20.5)   16.8 (10.8--21.2)   1.1   0.847
  IMR[c](#jah33543-note-0008){ref-type="fn"}   24.3 (18.5--26.1)   17.7 (13.2--21.7)   5.1   0.005   16.1 (9.3--22.8)    11.4 (10.6--24.7)   1.0   0.820
  CFR                                          2.6±0.9             3.8±1.7             1.2   0.001   3.1±1.5             3.1±1.6             0.0   0.971
  FFR                                          0.83±0.06           0.83±0.07           0.0   0.999   0.82±0.08           0.81±0.09           0.0   0.052

Data are shown as mean±SD or median (interquartile range). CFR indicates coronary flow reserve; FFR, fractional flow reserve; IMR, index of microcirculatory resistance; IMR~calc~, calculated index of microcirculatory resistance; RIPC, remote ischemic preconditioning.

Absolute difference in mean between pre and post within each cohort.

Comparison between pre and post values within each group was performed with the paired *t* test or Wilcoxon signed rank test for normally or non‐normally distributed data, respectively.

Patients with FFR \>0.80: 12 in the RIPC group and 9 in the sham group.

![Remote ischemic preconditioning reduces the IMR and increases the CFR through an increase in hyperemic coronary flow. There was a significant reduction in IMR~calc~ (A) and the IMR (B) with RIPC, whereas the CFR (C) increased significantly. There was a significant reduction in T~mnH~ (D) with RIPC, suggesting an increase in hyperemic coronary flow. IMR~calc~, CFR and T~mnH~: n=15; IMR: n=12; Individual filled symbols represent measurements before or after RIPC in each patient joined with a line, and open symbols and bars represent mean±SD. Bas indicates baseline; CFR, coronary flow reserve; Hyp, hyperemic; IMR, index of microcirculatory resistance; IMR~calc~, calculated index of microcirculatory resistance; RIPC, remote ischemic preconditioning; T~mnH~, mean transit time during hyperemia.](JAH3-7-e009058-g003){#jah33543-fig-0003}

### Secondary analyses {#jah33543-sec-0021}

There was also a significant reduction in IMR in patients with pretreatment FFR \>0.80 and a significant increase in CFR in patients who were randomized to receive RIPC (Figure [3](#jah33543-fig-0003){ref-type="fig"}B and [3](#jah33543-fig-0003){ref-type="fig"}C). There was no effect of RIPC on FFR. The predominant driver of these physiological effects was a reduction in the hyperemic transit time (median: 0.33 \[IQR: 0.26--0.40\] versus 0.25 \[IQR: 0.20--0.30\]; *P*=0.010; Figure [3](#jah33543-fig-0003){ref-type="fig"}D) with no change in mean distal pressure during hyperemia (68.5±15.4 versus 70.5±16.1 mm Hg; *P*=0.495) or mean proximal pressure during hyperemia (81.5±14.5 versus 84.3±14.0 mm Hg; *P*=0.406). There was no change in the resting transit time (0.95±0.43 versus 1.03±0.55 seconds; *P*=0.293) with RIPC.

There was no change in IMR~calc~, IMR, CFR, or mean transit time during hyperemia with sham treatment (Figure [4](#jah33543-fig-0004){ref-type="fig"}).

![Sham had no effect on IMR, CFR, or hyperemic coronary flow. There was no effect of sham on IMR~calc~ (A), IMR (B), CFR (C), or T~mnH~ (D). IMR~calc~, CFR, and T~mnH~: n=15; IMR: n=9. Individual filled symbols represent measurements before or after sham in each patient joined with a line, and open symbols and bars represent mean±SD. CFR indicates coronary flow reserve; IMR, index of microcirculatory resistance; IMR~calc~, calculated index of microcirculatory resistance; RIPC, remote ischemic preconditioning; T~mnH~, mean transit time during hyperemia.](JAH3-7-e009058-g004){#jah33543-fig-0004}

A comparison of the change in markers of coronary microcirculatory function induced by RIPC and sham treatment is displayed in Table [3](#jah33543-tbl-0003){ref-type="table"}. Change in IMR~calc~ was significantly greater when comparing the RIPC and sham cohorts (Figure [5](#jah33543-fig-0005){ref-type="fig"}A). Change in CFR was also significantly greater when comparing the RIPC and sham cohorts (Figure [5](#jah33543-fig-0005){ref-type="fig"}B). There was no difference in the effect of RIPC and sham on FFR (RIPC versus sham group: median: 0.0% \[IQR: −2.4 to 1.4\] versus −1.5% \[IQR: −3.4 to 1.2\]; *P*=0.269).

###### 

Comparison of the Effect of RIPC and Sham on Coronary Physiology Indexes

  Marker                                       RIPC (n=15)           Sham (n=15)             *P* Value[a](#jah33543-note-0010){ref-type="fn"}
  -------------------------------------------- --------------------- ----------------------- --------------------------------------------------
  IMR~calc~                                    −18.1±24.8%           +6.1±37.5%              0.047
  IMR[b](#jah33543-note-0012){ref-type="fn"}   −22.5±25.2%           +6.8±45.5%              0.074
  CFR                                          +41.2% (20.0--61.7)   −7.8% (−19.1 to 10.3)   \<0.001
  FFR                                          0.0% (−2.4 to 1.4)    −1.5% (−3.4 to 1.2)     0.269

Relative change in index with RIPC/sham is shown, with negative (−) values indicating a reduction after treatment compared with before treatment and positive (+) values indicating an increase. Data are shown as mean±SD or median (interquartile range). CFR indicates coronary flow reserve; FFR, fractional flow reserve; IMR, index of microcirculatory resistance; IMR~calc~, calculated index of microcirculatory resistance; RIPC, remote ischemic preconditioning.

Comparison of relative change in RIPC cohort with relative change in sham cohort with the unpaired *t* test or Mann--Whitney *U* test for normally and nonnormally distributed data, respectively.

Patients with FFR \>0.80: 12 in the RIPC group and the 9 in sham group.

![Comparison of change in markers of coronary microcirculatory function with remote ischemic preconditioning and sham. The relative change in IMR~calc~ (A) and CFR (B) induced by RIPC was significantly different to the change due to sham treatment. Individual filled symbols represent relative change in measurement with RIPC/sham in each patient, with negative and positive values indicative of reductions and increases with treatment, respectively. Open symbols and bars represent mean±SD. CFR indicates coronary flow reserve; IMR~calc~, calculated index of microcirculatory resistance; RIPC, remote ischemic preconditioning.](JAH3-7-e009058-g005){#jah33543-fig-0005}

No significant association or correlation was noted between the RIPC‐induced change in IMR~calc~ and CFR and any of the baseline demographics, comorbidities, and medications listed in Table [1](#jah33543-tbl-0001){ref-type="table"}. The *P* value was \>0.1 for all these factors on univariable regression analysis; therefore, a multivariable regression analysis was not performed.

Plasma Nitrite Measurement {#jah33543-sec-0022}
--------------------------

There was no change in plasma nitrite with RIPC (before versus after RIPC: 1.6±0.2 versus l.6±0.3 μmol/L; *P*=0.997; Figure [S1](#jah33543-sup-0001){ref-type="supplementary-material"}).

Discussion {#jah33543-sec-0023}
==========

RIPC has been proposed to confer cardioprotection in patients undergoing elective and primary PCI, with reductions in post‐PCI troponin and infarct size[3](#jah33543-bib-0003){ref-type="ref"}, [4](#jah33543-bib-0004){ref-type="ref"}, [5](#jah33543-bib-0005){ref-type="ref"} through multiple potential but as yet uncertain mechanisms.[28](#jah33543-bib-0028){ref-type="ref"} We demonstrated that RIPC acutely improved coronary microcirculatory function, as assessed by validated coronary pressure--temperature sensor wire--based techniques. To the best of our knowledge, this study provides the first demonstration of these effects of RIPC on coronary microcirculatory function.

The coronary microcirculation is recognized as an important determinant of prognosis in patients with CAD. The IMR is an index that assesses resistance to flow in the coronary microvasculature, whereas the FFR is an index that is used to assess the hemodynamic significance of an epicardial coronary lesion. The CFR is an index that provides assessment of both the epicardial artery and the microcirculation.[29](#jah33543-bib-0029){ref-type="ref"}

Multiple studies have shown the utility of the CFR to predict cardiac events, and it has been shown to be of greater importance than the degree of disease in the epicardial coronary arteries in determining prognosis.[14](#jah33543-bib-0014){ref-type="ref"}, [16](#jah33543-bib-0016){ref-type="ref"}, [19](#jah33543-bib-0019){ref-type="ref"}, [30](#jah33543-bib-0030){ref-type="ref"}, [31](#jah33543-bib-0031){ref-type="ref"} The IMR, which correlates with true microcirculatory resistance,[12](#jah33543-bib-0012){ref-type="ref"} has been shown to be predictive of post‐PCI myocardial infarction after elective PCI and the occurrence of death and heart failure hospitalization after primary PCI.[17](#jah33543-bib-0017){ref-type="ref"}, [18](#jah33543-bib-0018){ref-type="ref"} The IMR has been shown to be reproducible and independent of hemodynamic conditions and thus is a reliable method to assess the microcirculatory resistance.[23](#jah33543-bib-0023){ref-type="ref"}

We demonstrate that RIPC leads to a rapid reduction in the IMR and an increase in CFR. This suggests that beneficial effects on the coronary microcirculation may contribute to RIPC‐mediated cardioprotection during PCI. The baseline clinical characteristics appeared to have little effect on the change in IMR~calc~ and CFR with RIPC. The results of this study raise the possibility that RIPC may be beneficial in other clinical settings involving microcirculatory dysfunction such as microvascular angina, congestive heart failure, and aortic stenosis.[32](#jah33543-bib-0032){ref-type="ref"}, [33](#jah33543-bib-0033){ref-type="ref"} Our results suggest that research into the use of RIPC beyond CAD is warranted.

Data support the role of the coronary microcirculation as a target of RIPC‐mediated cardioprotection.[20](#jah33543-bib-0020){ref-type="ref"} In a study by Kono et al,[22](#jah33543-bib-0022){ref-type="ref"} 10 healthy volunteers and 10 patients with heart failure who received RIPC twice per day for 1 week demonstrated an increase in CFR, as assessed by echocardiographic spectral Doppler analysis of flow in the distal left anterior descending artery. In addition, RIPC has been shown to improve endothelial function, reducing vasoconstriction after acetylcholine administration during cardiac catheterization.[34](#jah33543-bib-0034){ref-type="ref"}

Despite this, there is conflicting evidence regarding the effects of RIPC on the coronary microcirculation. Studies of RIPC in the setting of primary PCI have reported no changes in surrogate markers of microcirculatory function, such as the Thrombolysis in Myocardial Infarction (TIMI) frame count and the appearance of microvascular obstruction on magnetic resonance imaging.[3](#jah33543-bib-0003){ref-type="ref"}, [5](#jah33543-bib-0005){ref-type="ref"} Moreover, a study by Hoole et al found that RIPC had no effect on coronary microvascular resistance in 11 patients assessed by a Doppler/pressure wire--based technique requiring coronary balloon inflation during cardiac catheterization.[35](#jah33543-bib-0035){ref-type="ref"} The null result in this study may have been due to local preconditioning, or distal embolization, induced by the coronary balloon inflation. There was a small numerical increase in the microcirculatory resistance after coronary balloon inflation in patients who did not undergo RIPC in this study, but the study may have been underpowered to detect a statistically significant difference.

Our study demonstrated an effect on CFR, IMR, and transit time and confirmed the absence of an effect of sham treatment. It is notable that there was an outlier in both the RIPC and sham cohorts, with each of these patients demonstrating a marked reduction in IMR~calc~ and IMR with RIPC/sham. However, the decrease in IMR~calc~ and IMR with RIPC remained significant after removal of this outlier (Figure [S2](#jah33543-sup-0001){ref-type="supplementary-material"}).

There was no change in mean transit time at rest, suggesting that RIPC does not affect resting coronary flow. Conversely, there was an increase in hyperemic flow, indicated by a reduction in mean transit time during hyperemia, in the absence of change in distal or proximal coronary pressures. This increase in hyperemic flow supports the interpretation that RIPC reduces coronary microcirculatory resistance.

Adenosine and nitric oxide/nitrite contribute to the coronary microcirculatory tone, and because they have been implicated in RIPC‐mediated cardiac protection,[27](#jah33543-bib-0027){ref-type="ref"}, [36](#jah33543-bib-0036){ref-type="ref"}, [37](#jah33543-bib-0037){ref-type="ref"} they are candidate mediators for the effect of RIPC on the microcirculation. However, given the supraphysiological doses of adenosine and intracoronary glyceryl trinitrate that were administered at the time of the coronary physiology study to achieve hyperemia, it is unlikely that these mediators are primarily responsible for the effects that we observed. The lack of change in plasma nitrite levels with RIPC, the major metabolite of nitric oxide, supports this conclusion with respect to nitric oxide. Although nitrite has been shown previously to be increased by RIPC in an animal model,[27](#jah33543-bib-0027){ref-type="ref"} the administration of glyceryl trinitrate during the procedure may have masked any effect of RIPC on nitrite in this study.

Other mediators and pathways that have been shown to be involved in cardiac preconditioning, include bradykinin, potassium ATP channels, and calcium‐activated potassium channels of the BK type.[21](#jah33543-bib-0021){ref-type="ref"}, [38](#jah33543-bib-0038){ref-type="ref"}, [39](#jah33543-bib-0039){ref-type="ref"} Although angiotensin‐converting enzyme inhibitors are known to reduce degradation of bradykinin, in the RIPC cohort, the relative reduction in IMR~calc~ and the increase in CFR were numerically smaller, but not statistically significant, in patients taking this class of drug. Because potassium ATP channels are involved in RIPC‐mediated protection against ischemia--reperfusion injury--associated endothelial dysfunction,[21](#jah33543-bib-0021){ref-type="ref"} they may play a role in the improved microcirculatory function that we demonstrated and warrant future investigation. Although a large body of evidence supports a circulating humoral factor mediating the physiological effects of RIPC, some studies suggest a contribution by a neural pathway. In animal models, the transection of a peripheral nerve supplying the limb undergoing RIPC or the use of a nicotinic acetyl choline ganglion blocker attenuated the protective effects of RIPC.[40](#jah33543-bib-0040){ref-type="ref"}, [41](#jah33543-bib-0041){ref-type="ref"}

Limitations {#jah33543-sec-0024}
-----------

We are unable to comment on the durability of the RIPC effect and cannot be certain that we identified the maximal effect on the CFR and IMR. Despite this, we demonstrated an acute enhancement of microcirculatory function with RIPC that may contribute to the protective effects of RIPC demonstrated in the literature when RIPC was delivered within 2 hours of PCI. Because of the administration of glyceryl trinitrate, additional assessments of endothelial function, such as response to acetylcholine administration, were not performed in this study.

Finally, because this was a mechanistic proof‐of‐concept study with only small numbers of patients undergoing PCI, clinical outcomes and the correlation of microcirculatory change with changes in post‐PCI troponin were not assessed. Although the inclusion of patients who required FFR measurement resulted in a cohort that predominantly did not require PCI, the results of this study herald the need for a study correlating change in coronary microcirculatory status and clinical outcomes with RIPC.

Conclusion {#jah33543-sec-0025}
==========

The IMR and CFR are acutely improved by RIPC. This suggests that RIPC confers cardioprotection during PCI as a result of improvement in coronary microcirculatory function. The application of RIPC to augment the coronary microcirculation in other settings warrants investigation.
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**Figure S1.** No change in plasma nitrite with remote ischemic preconditioning.

**Figure S2.** The effect of remote ischemic preconditioning on the index of microcirculatory resistance with outliers removed.

###### 

Click here for additional data file.
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